Beta-thalassemia is an inherited hemoglobin disorder caused by reduced or absent synthesis of the beta globin chains of hemoglobin. This results in variable outcomes ranging from clinically asymptomatic to severe anemia, which then typically requires regular blood transfusion. These regular blood transfusions can result in an iron overload condition. The iron overload condition can lead to iron accumulation in various organs, especially in the heart, leading to iron overload cardiomyopathy, which is the major cause of mortality in patients with thalassemia. In the past decades, there is no doubt that the use of b-thalassemic mice as a study model to investigate the pathophysiology of iron overload cardiomyopathy and the role of various pharmacological interventions, has shed some light in understanding this serious complication and in improving the associated cardiac dysfunction. In this review, the effects that iron overload has on the hearts of b-thalassemic mice under conditions of iron overload as well as the efficacy of pharmacological interventions to combat these adverse effects on the heart are reviewed and discussed. The in-depth understanding of biomolecular alterations in the heart of these iron overload thalassemic mice will help give guidance for more effective therapeutic approaches in the near future.
Impact statement
Iron overload cardiomyopathy is a major cause of morbidity and mortality in patients with thalassemia. Since investigation of iron overload cardiomyopathy in thalassemia patients has many limitations, a search for an animal model for this condition has been ongoing for decades. In the past decades, there is no doubt that the use of b-thalassemic mice as a study model to investigate the pathophysiology of iron overload cardiomyopathy and the role of various pharmacological interventions, has shed some light in understanding this serious complication and in improving the associated cardiac dysfunction. In this review, the effects of iron overload on the hearts of b-thalassemic mice under conditions of iron overload as well as the efficacy of pharmacological interventions to combat these adverse effects on the heart are reviewed and discussed.
Introduction
Thalassemia in humans is a group of inherited disorders of hemoglobin synthesis which are characterized by the absence or reduction in amounts of one or more of the globin chains of hemoglobin. [1] [2] [3] The absence or reduction of globin chain synthesis could generate an imbalance between the subunits of hemoglobin. 1, 4 Hemoglobin is mainly composed of aand b-globin polypeptide chains which are encoded by multigene clusters which have been conserved throughout mammalian evolution. [4] [5] [6] Beta-thalassemia caused by reduced (b þ ) or absent (b 0 ) synthesis of the beta globin chains of hemoglobin results in variable outcomes ranging from severe anemia to clinically asymptomatic individuals. [1] [2] [3] These disorders can be divided into three major groups, b-thalassemia major, intermedia and minor (carrier or trait), based on the quantity of b-globin produced and symptomatic features. 1, 3 b-thalassemia patients with severe anemia often require regular blood transfusions which can result in an iron overload state. 1, 7 This iron overload condition can lead to iron accumulation in various organs, especially in the heart where it leads to iron overload cardiomyopathy. This is the major cause of mortality in patients with b-thalassemia. 7, 8 Since investigation of iron overload cardiomyopathy in thalassemia patients has many limitations, a search for an animal model for this condition has been ongoing for decades.
In animals, although no naturally occurring b 0 -thalassemia has been observed in mice, a mouse model with b þ -thalassemia exists. The mouse b-globin gene cluster is located on chromosome 7 and has four functional b-globin genes: h1 and "y, embryonic globin genes; and two adult globin genes, major and minor . 5, 6, 9 The major gene encodes for 80% and minor gene for 20% of b-globin production in adult mice. 10 Three mouse models of b-thalassemia have been developed relatively recently. First, a DNA deletion in the b-globin locus was developed which includes the whole major gene and its subsequent upstream sequences. 11, 12 Mice homozygous for the deletion (Hbb th-1 /Hbb th-1 ) have a survival to adulthood rate of 60%. 11, 12 The heterozygous mice exhibit a mild phenotype which is related to the thalassemia trait in humans. 11, 12 Second, the mouse model for b-thalassemia was created by targeted gene disruption of the mouse major gene. 12 Mice homozygous for an insertional disruption of the major gene (Hbb th-2 /Hbb th-2 ) had severe anemia and did not survive after birth. 12 Finally, a mouse model for homozygous deletion of both major and minor genes (Hbb th-3 / Hbb th-3 ) was developed which results in a severe form of b 0 -thalassemia and the mice die perinatally. This is similar to the most severe form of Cooley anemia (b-thalassemia major) in humans. 13 The heterozygous animals with this deletion show a pathophysiology comparable to that of patients with human b-thalassemia intermedia. 13 These b-thalassemic mouse models have been used in investigations to understand the pathophysiology of ironoverload cardiomyopathy found in patients. Currently, the model mostly used to study the heart in this condition is the heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic genotype. [14] [15] [16] [17] [18] [19] Mice heterozygous for the deletion (Hbb th-3 /Hbb þ ) showed characteristics typical of severe thalassemia such as: a significant decrease in hematocrit (Hct), hemoglobin (Hb), red blood cell (RBC) counts, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC), and increased reticulocyte counts, serum bilirubin concentrations, and red cell distribution width (RDW). 13 Heterozygous animals also exhibit bone deformities and splenic enlargement due to increased hematopoiesis which is a typical picture of b-thalassemia, and a spontaneous iron overload in the spleen, liver, and kidneys in this mouse model has been found. 13 Although TI patients did not need blood transfusions to sustain levels of anemia, several other pathogenic mechanisms remained in play. 20 Ineffective erythropoiesis results in the suppression of hepcidin levels, leading to increased intestinal iron absorption and increased release of recycled iron from macrophages within the reticuloendothelial system, resulting in hepatocyte iron loading. 21, 22 Although iron accumulation in patients with TI occurs more slowly than in TM patients who have received regular blood transfusions, it can reach levels much higher than the normal threshold, especially in aged patients. 22, 23 Moreover, it has been found upon autopsy that some small subgroups of older TI patients had developed myocardial siderosis. [24] [25] [26] Damage to cardiac tissues may have resulted from exposure to NTBI, without the accumulation of toxic iron species within myocytes. 27, 28 This suggests that even without evidence of cardiac siderosis, TI patients may still be at risk of iron-related cardiac dysfunction. Although homozygous b-thalassemic mice with blood transfusion is the model that is related to TM patients, these mice had severe anemia and did not survive after birth. Furthermore, giving mice a blood transfusion is a very difficult process. Therefore, the heterozygous b-thalassemic mice, which were similar to TI patients, were frequently used in this research field. However, to mimic the iron overload condition as observed in thalassemia major, iron loading either orally or intraperitoneally was commonly applied to these mice. 14, [29] [30] [31] This also resulted in iron overload condition (indicated by the increased plasma NTBI), followed by mitochondrial dysfunction in those mice. 29 Therefore, heterozygous b-thalassemic mice with iron overload induced by iron injection or iron feeding is a suitable model for representing an iron overload condition and their pathophysiology was similar to that in thalassemia patients with blood transfusion.
The hearts of b-thalassemic mice
In in vitro studies, cultured cardiomyocytes of heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice showed increased intracellular accumulation of both Fe 2þ and Fe 3þ , 17, 18 whereas the cardiac mitochondrial function and morphology were still intact. 16 A summary of reports regarding the iron accumulation and mitochondrial function in the heart of b-thalassemic mice (in vitro models) is shown in Table 1 .
In in vivo models, Gelderman and colleagues demonstrated that the hearts of heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice showed increased cardiac iron accumulation at 12 months of age, 32 a state consistent with reports from in vitro models. However, the hearts of 5-, 6-and 7-10-month-old b-thalassemic mice did not show any changes in cardiac iron accumulation, compared with normal mice. 14, 19, 30, 33 These findings suggest that the level of iron deposition in cardiac tissue is associated with age in thalassemic mice. In addition, the older b-thalassemic mice (7-10 months old 14, 19 ) showed increased heart weight when compared with normal mice, but the heart weight of Hbb th-3 /Hbb þ (Cultured cardiomyocytes) 9-12 months " Fe 2þ accumulation 18 Hbb th-3 /Hbb þ (Cultured cardiomyocytes) 9-12 months " Fe 3þ accumulation younger b-thalassemic mice (7 weeks old 13 ) did not differ from normal mice. The blood parameters from most studies of heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice showed decreased levels of RBC, Hb, and a decreased Hct, increased levels of ROS and serum iron, but non-altered levels of plasma NTBI and MDA levels. [13] [14] [15] 19, 30, 32 Only one study 33 has shown increased levels of plasma NTBI in heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic 5-month old mice, which was inconsistent with three other studies. 14, 19, 30 This inconsistency might be due to the different techniques used for NTBI detection. For example, Gelderman et al. were detecting plasma NTBI levels at nanogram levels, whereas the other studies were limited to microgram levels.
The heart is known to be tightly controlled by the sympathetic and parasympathetic nerves of the cardiac autonomic nervous system. It has been shown that b-thalassemic mice have impaired cardiac autonomic function which is indicated by depressed heart rate variability (i.e. increased LF/HF ratio), increased stroke volume (SV) and cardiac output (CO) when compared with normal mice. 14, 15, 19 This indicates a high-output state in b-thalassemic mice, which is similar to that found in patients with thalassemia. 7 High-output state, as shown by increased stroke volume (SV) and cardiac output (CO), develops as a consequence of prolonged tissue hypoxia, resulting from chronic anemia in beta-thalassemia patients 34, 35 and animal models. 14, 29 Although thalassemia patients have high SV and CO, they still have cardiac dysfunctions such as decreased fractional shortening (FS) and ejection fraction (EF), when compared with a normal physiological state. 35, 36 Moreover, when iron overload occurs in the heart, it can aggravate cardiac dysfunction, as shown by decreased SV, CO, FS and EF. 14, 29, 36 However, cardiac mitochondrial function and morphology in heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice has been found to be normal at this basal condition, these results being consistent with an in vitro study. 19 The other models of b-thalassemic mice, homozygous (Hbb th1 /Hbb th1 ), (Hbb d3(th) /Hbb d3(th) ) and heterozygous IVSII-654 , display a greater severity of the condition than the heterozygous (Hbb th-3 /Hbb þ ) model does. [37] [38] [39] These mice showed decreased levels of RBC, Hb, Hct and impaired cardiac function indicated by decreased SV, EF, and FS. [37] [38] [39] Also, these mice also had increased heart weight and cardiac iron levels even at the basal condition when compared with normal mice. 37, 39 However, the study by Stoyanova et al. was the only one not to observe increased cardiac iron accumulation in homozygous (Hbb d3(th) / Hbb d3(th) ) b-thalassemic mice. 38 This discrepancy could be due to the fact that Stoyanova et al. used only Prussian blue staining to determine cardiac iron accumulation, which is a less sensitive method than the atomic absorption and colorimetric methods used by other studies. Consistent with a report concerning the heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice, 19 the cardiac mitochondrial morphology in the heterozygous IVSII-654 b-thalassemic mice was still normal under basal conditions. 37 Both in vitro and in vivo studies indicated that heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice were anemic, had increased heart weight and cardiac iron accumulation when getting old, and had measurable cardiac dysfunction. [13] [14] [15] [16] [17] [18] [19] 30, 32, 33, [37] [38] [39] [40] Moreover, the homozygous (Hbb th1 / Hbb th1 ), (Hbb d3(th) /Hbb d3(th) ) and heterozygous IVSII-654 b-thalassemic mice showed a greater severity of anemia and had higher levels of cardiac iron accumulation than the heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice did, even though the mice were still young. [37] [38] [39] A summary of reports regarding cardiac iron accumulation, cardiac function, and mitochondrial function in b-thalassemic mice (in vivo models) is shown in Table 2 . Regarding the age influence on cardiac function, in Table 2 , there are two studies on Hbb th-3 /Hbb þ which showed the same results of SV and CO, because the mice were the same age in these studies. 14, 19 However, in the other two studies on Hbb d3(th) / Hbb d3(th) , cardiac function could not be compared since different parameters were determined. 38, 40 The hearts of b-thalassemic mice under an iron overload condition Under conditions of iron overload, both Fe 2þ and Fe 3þ iron uptake was increased in cultured cardiomyocytes from heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice. 17, 18 Moreover, the iron overload condition leads to increased cardiac mitochondrial ROS production, mitochondrial depolarization, and mitochondrial swelling in isolated cardiac mitochondria from the hearts of heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice. 16 These findings suggest that the iron overload condition leads to increased iron uptake and accumulation in cardiomyocytes which then leads to mitochondrial dysfunction in these mice. Available in vitro reports regarding the effects of iron overload on iron uptake and mitochondrial function in the hearts of b-thalassemic mice models are summarized in Table 3 .
In the in vivo studies, conditions of iron overload led to increased plasma NTBI and MDA levels, and increased cardiac iron accumulation without altering the heart weight in heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice. 14, 19, 30, 31, 33 Also, iron overload impaired cardiac autonomic regulation as indicated by an increased LF/HF ratio, and impaired cardiac function by decreasing SV, CO, ESP, Pmax and dP/dtmax in these mice. 14, 19, 30 Cardiac mitochondrial dysfunction was demonstrated by increased cardiac mitochondrial ROS production, mitochondrial depolarization and swelling in the hearts of heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice under iron overload conditions. 19 All in vivo findings were consistent and suggested that iron overload can lead to increased cardiac iron accumulation and cardiac mitochondrial dysfunction, leading to left ventricular dysfunction in heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice. 14, 19, 30, 31, 33 Available in vivo reports regarding the effects of iron overload on cardiac iron accumulation, cardiac function and mitochondrial function of b-thalassemic mice are summarized in Table 4 . In Table 4 , the two studies on Hbb th-3 /Hbb þ did not show a difference in results on cardiac function, even though there was a difference in the time of iron expose between the two studies. However, these two studies showed that there was a progression in cardiac iron accumulation which correlated to the increased time of iron exposure.
The effects of pharmacological interventions on the hearts of b-thalassemic mice under iron overload conditions
Recently, several studies have investigated novel ways of treating iron overload cardiomyopathy besides the currently used iron chelator therapy in b-thalassemic mice models. Studies on cultured cardiomyocytes of heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice showed that treatment with a T-type calcium channel (TTCC) blocker and an iron chelator could prevent Fe 2þ uptake into cardiomyocytes, whereas blockers of transferrin receptor1 (TfR1), divalent metal transporter1 (DMT1) and L-type calcium channel (LTCC) could not. 18 However, blockers of TfR1, DMT1, LTCC and TTCC could not prevent Fe 3þ uptake into these cells. 17 These findings suggest that TTCC is an important pathway for Fe 2þ uptake in a cultured thalassemic cardiomyocyte model. Reports also demonstrated other alternative pathways which could play a major role in Fe 3þ uptake in thalassemic cardiomyocytes. Normally, mitochondrial calcium uniporter (MCU) mediates calcium uptake into the mitochondria. However, in the isolated cardiac mitochondria of heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice, it was shown that MCU acts as a major portal for Fe 2þ entry into cardiac mitochondria. 16 By using the MCU blocker, ROS production and mitochondrial depolarization could be effectively prevented, and mitochondrial swelling caused by Fe 2þ overload attenuated. 16 Future clinical studies are needed to warrant the clinical usefulness of MCU blockers in thalassemia patients. Available in vitro reports regarding the effects of pharmacological intervention on iron uptake and mitochondrial function in the hearts of b-thalassemic mice (models) under iron overload conditions are summarized in Table 5 . Several in vivo studies showed that treatment with either LTCC blockers (verapamil, nifedipine, amlodipine), a TTCC blocker (efonidipine), a DMT1 blocker (ebselen) or an antioxidant (curcuminoid) effectively reduced plasma NTBI levels and cardiac iron deposition, and improved cardiac autonomic regulation and left ventricular function in heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice under conditions of iron overload with the same efficacy as commercial iron chelators (deferoxamine, deferasirox or deferiprone). 14, 19, 30 No treatments had any effect on the heart weights of heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice under iron overload conditions. 14, 19, 31, 33 Moreover, treatment with either an LTCC blocker (amlodipine) or a TTCC blocker (efonidipine) led to improved mitochondrial function in heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice under iron overload conditions to the same degree as three commercial iron chelators (deferoxamine, deferasirox or deferiprone). 19 Treatment with apo-transferrin also decreased plasma iron levels, plasma NTBI levels, and cardiac iron deposition in heterozygous (Hbb th-3 /Hbb þ ) b-thalassemic mice even though they were under a basal condition. 33 All findings in the in vivo studies suggested that a TTCC blocker, a LTCC blocker, a DMT1 blocker, an antioxidant and apo-transferrin could be beneficial for treatment of an iron overloaded state, especially for iron overload cardiomyopathy in b-thalassemia models. Available in vivo reports regarding the effects of pharmacological intervention on cardiac iron accumulation, cardiac function and mitochondrial function of b-thalassemic mice under iron overload conditions are summarized in Table 6 .
Cardiac complications in beta-thalassemia patients
Thalassemic cardiomyopathy and arrhythmia, caused by cardiac iron overload, are the most important complications of iron overload in beta-thalassemia patients and are responsible for 71% of deaths, globally, in these patients. 41 In the early stages, patients are usually asymptomatic and symptoms are related to the degree of ventricular impairment. 42 Cardiac arrhythmias, including premature ventricular contraction, ST-T changes, QT prolongation, and second-and third-degree atrioventricular block have been reported in iron overload beta-thalassemia patients. [43] [44] [45] [46] In view of cardiac complications, serum ferritin concentrations have been shown to correlate poorly with all stages of cardiac dysfunction. 35, 47 Non-transferrin-bound iron (NTBI) seems to be the most accurate parameter among serum iron markers; however, it is commonly used only in research studies. [48] [49] [50] [51] [52] [53] Accurate assessments of cardiac dysfunction and/or cardiac iron status are currently based on imaging techniques. The T2-star magnetic resonance imaging (MRI-T2*) has been demonstrated as evaluating cardiac iron status accurately and allows the early detection of global ventricular dysfunction. 47 In addition, it can be used for monitoring myocardial iron levels during iron chelation therapy. 54, 55 In beta-thalassemia major patients with normal myocardial T2* (>20 ms), the right ventricular (RV) and left ventricular (LV) ejection fraction (EF) was found to be within the normal range. 47, 56 It has been shown that lower myocardial T2* values (<20 ms) are associated with an increase in RV and LV dysfunction, 47, 56 whereas an improvement in myocardial T2* results in improvement in LV and RV EF in beta-thalassemia major patients. 54, 55 There was a linear relationship between RV and LV EF. 56 Clinical findings were consistent with in vivo reports in b-thalassemic mice, suggesting that iron overload can lead to increased cardiac iron accumulation and cardiac dysfunction in b-thalassemic mice. 14, 19, 30, 31, 33 An altered sympathovagal balance, as shown by depressed heart rate variability, was found in thalassemia major patients. 51, [57] [58] [59] Heart rate variability parameters were reduced even in b-thalassemia major patients without evident cardiac siderosis (T2* >20 ms) 57 and preclinical stages of heart disease. 58 The studies show that reduction in heart rate variability may start before cardiac iron loading and preclinical stages of cardiac disease in b-thalassemia major and non-transfusion-dependent thalassemia patients. [50] [51] [52] [53] 57, 58 b-thalassemic mice had impaired cardiac autonomic function which was indicated by depressed heart rate variability. 14, 15, 19 This was consistent with and showed a correlation with the results that were found in b-thalassemia patients. These findings suggest that cardiac autonomic dysregulation may precede clinical signs of iron overload cardiomyopathy.
Iron chelation is the main therapy available to treat conditions of iron overload. The therapy uses the parenteral iron chelator deferoxamine (DFO), and the oral iron chelators deferiprone (DFP) and deferasirox (DFX). Many studies have shown that DFO, DFP and DFX can cause a reduction in myocardial iron and improve cardiac function in b-thalassemia patients. 55, [60] [61] [62] [63] [64] [65] However, it has been suggested that combined chelation therapy be used in some iron overload b-thalassemia patients who have shown no improvement when treated with a single iron chelator, due to its increased efficacy. [62] [63] [64] [65] At this time, new evidence indicates a greater efficacy for iron chelation when an iron chelator was combined with an antioxidant such as vitamin E and N-acetylcysteine (NAC). 66, 67 Combined iron chelator plus NAC shows greater efficacy than vitamin E in reducing DNA damage in children b-thalassemia patients. 66 Currently, only the LTCC blocker has supporting evidence from clinical studies showing the improved cardiac function and decreased cardiac iron level in b-thalassemia patients; however, the study was only carried out using a small population. 68 Fernandes et al. showed that amlodipine reduces cardiac iron overload patients with RBC: red blood cell; Hb: hemoglobin; Hct: hematocrit; NTBI: non-transferrin bound iron; MDA: malondialdehyde; LF/HF: low frequency/high frequency; SV: stroke volume; CO: cardiac output; ESP: end systolic pressure; Pmax: maximum pressure; dP/dtmax: maximum dP/dt; i.p.: intra-peritoneal; DFO: deferoxamine. b-thalassemia major; however, again only a small sample size was included in the study. 69 Only one case report showed that treatment with verapamil plus DFO improved cardiac function in an early stage of iron overload cardiomyopathy. 68 Larger and longer cohort studies are needed to verify these findings. Although treatment with LTCC blockers, TTCC blockers, DMT1 blockers or antioxidants were successful in animal models, large cohort clinical studies are needed to warrant their use in patients. The proposed mechanism responsible for these benefits could be due to the fact that iron chelators are effective in removing excess iron accumulation in cells and calcium channel blockers are expected to be particularly effective early on in iron overload by reducing tissue iron uptake and preventing oxidative stress occurring during the disease progression.
Conclusions
Information obtained from studies into the pathophysiologic mechanisms of iron overload on the heart in thalassemia mice have led us to better understand the clinical pictures of iron overload cardiomyopathy. In addition to the traditional pathways of iron uptake into cardiomyocytes, these studies using thalassemia mouse models have allowed us to discover novel pathways which could potentially cause iron overload cardiomyopathy, and ultimately may lead to the development of new strategies and drugs to prevent this lethal complication in thalassemia.
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